The deoxyoligonucleoti.de d(TGCA) 3 is a candidate for exhibiting unusual conformations. Its 'H NMR spectrum under low salt conditions has been obtained at 100 MHz and assigned using two-dimensLonal NMR techniques. The sugar puckers and glycosidic torsions have been determined by inspecting the relative intensities of the intranucleotide NOEs and COSY crosspeaks. At low electrolyte concentration (100 mM NaCl) the molecule exists as a right-handed duplex with twelve Watson-Crick base-pairs and deoxyribose moieties assuming the 01'-endo to C1'-exo pucker.
INTRODUCTION
DNA exhibits considerable diversity in conformation (1) (2) (3) . Of the different conformers of DNA, the most profoundly different is left-handed Z-DNA, which has recently been shown to exist ^ri vivo CO and is likely to be involved in gene regulation. The Z conformation is generally found in sequences with a regular alternation of purines and pyrimidines, heretofore either mostly or completely cytosine and guanlne. There are exceptions, however, and some basepair (bp) sequences with interruptions in pu-py alternation stabilize in the left-handed form in negatively supercoiled circular DNA (5) (6) (7) or under suitable solvent conditions in linear duplexes (8) .
It has recently been found (9) that when the self-complementary d(TGCA) 5 sequence is cloned in a supercoiled plasmld it can, under appropriate conditions, assume the left-handed conformation even though it has only 50J GC content. The sequence, being both a direct and an inverted repeat, adopts a cruciform structure under different conditions of superhellcal stress (9) .
We are, therefore, interested in the conformatlonal repertoire of the TGCA repeat, independent of all effects induced by plasmid supercoiling. Anticipating broad llnewidths and troublesome degeneracies in the NMR spectrum of the twenty bp oligonucleotlde, we chose instead the dodecamer d(TGCA) 3 for our NMR analysis. This paper describes the nucleotide-specific 'H NMR assignments and conformational features under low salt conditions. The phase-sensitive NOESY experiment was performed using the method of States, Haberkorn and Ruben (10). A mixing time of 300 ms was sufficient to obtain the longer range NOEs necessary for completing the assignment process.
MATERIALS AND METHODS

Approximately
128 transients were collected for each IK spectrum and 219 points were collected in the t, dimension, zero-filled to provide a 1K x 1K matrix. Before Fourier transformation, the data set was multiplied by an unshifted sine bell window in the t 2 dimension and by a shifted (15°) sine bell in the t : dimension. The data were symmetrized to suppress t, noise and other artifacts.
The COSY data were obtained.in the usual way with 256 IK FIDs of 64 transients each. The data were zero-filled for a IK x 1K matrix which was multiplied in both dimensions by unshifted sine bell windows, Fourier transformed and symmetrized.
The NOE difference spectra were obtained using the I-T-1 hard pulse sequence (11, 12) with the carrier located approximately midway between the imino and aromatic regions of the spectrum.
SEQUENTIAL RESONANCE ASSIGNMENTS
The application of 2D-NMR spectroscopy for resonance assignment and for conformational characterization of DNA oligomers is well documented in the literature (13) (14) (15) (16) (17) (18) (19) (20) . The combined use of NMR spectroscopy with restrained molecular dynamics simulations (21) or with distance geometry calculations (22, 23) appears to be a promising approach in defining the detailed conformational properties of DNA oligomers in the solution phase. In making resonance assignments, it is often necessary to perform several different kinds of two-dimensional NMR experiments, but sometimes it is possible to do the entire analysis using just one NOESY experiment of suitably long mixing time. That is the case here, though other experiments were checked for confirmation.
The method for making sequential, nucleotide-specific proton resonance assignments has been described in detail elsewhere (16) (17) (18) (19) (20) and so is not belabored here. It bears emphasis, though, that in cases where there is resonance overlap in the base and HI ' region, the intra-and internucleotide NOEs used can sometimes provide a temptingly consistent assignment set that is wrong. In the case of this molecule, weak NOEs from cytosine H5s to neighboring sugars, rarely mentioned in the literature, allowed us to select one set of assignments over an alternative. So, especially in cases where degeneracy is a problem, every speck of "noise" in the NOESY map merits examination. 3 . The residual solvent signal was removed with presaturation and the data were slightly resolution-enhanced. The lmlno region (inset) was baseline corrected.
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e-e If degeneracy were not a problem, each row and each column would contain two crosspeaks: an intra-and an internucleotide NOE. We should have twelve columns and twelve rows, but here there are only nine of each. Along the topmost row at 7.09 ppm, we see ambiguity arising from thymine H6 degeneracy and, along the rightmost column at 5.63 ppm, cytidine HI ' degeneracy introduces ambiguity. One row toward the top contains the NOEs from three different pyrimidines.
A starting point is required and comes from elsewhere on the NOESY map (figure 3): Of the three adenlne H8s, which are recognizable by their chemical shifts, only two display NOEs to thymine methyls. Since these must come from The sequential assignment process can also be performed in the same fashion in the region where the base protons show NOEs to the 2" and 2' protons. Part of the sequential assignment pathway is shown in figure 3 for purposes of illustration.
The 2" and 2' assignments reported in Table 1 NOEs to 2' protons. As mentioned earlier, the presence of these weak NOEs enabled us to select one set of assignments (see Table 1 ) from two alternative but otherwise equally consistent sets. In ppm, referenced to the residual HDO signal which was assigned 1.80 ppm.
GENERAL (^INFORMATIONAL FEATURES
The handedness of the dodeoatner is readily inferred from the strong interbase NOEs from the guanosine H8s to the cytidine H5s and from the adenosine H8s to the thymidine methyls (21) . The bases are oriented anti to the sugars as we observe that, in NOESYs with shorter mixing times, the H6/H8 to HI' NOEs fall off rapidly in intensity while the H6/H8 to H2' NOEs remain strong. For lefthanded Z-DNA, in which the purines assume a syn orientation, strong NOE contacts between the purine H8 and the sugar HI' are expected (2H). Finally, Figure 3 shows that the intranucleotide NOEs from H6/H8 are strong and that the stronger of the internucleotide NOEs is to H2" of the 5'-flanking sugar, which is normal for B-DNA. In A-DNA, which can be ruled out here, a base H6/H8 proton is closest to the H2 1 of the preceding nucleotide and quite some distance from its own (25, 26) . The puckers of the sugar moieties are probably best determined from a simple visual inspection of the COSY spectrum (27) . Figure 5 shows the 1'-2',2" and 3'-2',2" couplings. The 2" protons exhibit stronger NOEs to the I 1 protons and are distinguished on that basis. They lie at lower field except in the cases of G l0 , where 2' and 2" are degenerate, and A la , where 2" is upfleld of 2'. The assignments of the A, 2 protons are confirmed by a stronger NOE between 2' and 3 1 and by the appearance of the COSY crosspeaks.
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We observe that the relative magnitudes of the COSY crosspeaks are nearly the same for 1 * -2• and 1'-2 n coupling and that these Intensities are comparable to the 3'-i)' couplings. Additionally, crosspeaks for 3'-2" coupling are either very weak or absent, except In the case of A 12 . For all but the terminal base pair, the sugar puckers must lie between Oi'-endo and C1'-exo (27) . 
